The silico-carbonatite dykes of the Huanglongpu area, Lesser Qinling, China, are unusual in that they are quartzbearing, Mo-mineralised and enriched in the heavy rare earth elements (HREE) relative to typical carbonatites. The textures of REE minerals indicate crystallisation of monazite-(Ce), bastnäsite-(Ce), parisite-(Ce) and aeschynite-(Ce) as magmatic phases. Burbankite was also potentially an early crystallising phase. Monazite-(Ce) was subsequently altered to produce a second generation of apatite, which was in turn replaced and overgrown by britholite-(Ce), accompanied by the formation of allanite-(Ce). Bastnäsite and parisite where replaced by synchysite-(Ce) and röntgenite-(Ce). Aeschynite-(Ce) was altered to uranopyrochlore and then pyrochlore with uraninite inclusions. The mineralogical evolution reflects the evolution from magmatic carbonatite, to more silica-rich conditions during early hydrothermal processes, to fully hydrothermal conditions accompanied by the formation of sulphate minerals. Each alteration stage resulted in the preferential leaching of the LREE and enrichment in the HREE. Mass balance considerations indicate hydrothermal fluids must have contributed HREE to the mineralisation. The evolution of the fluorcarbonate mineral assemblage requires an increase in a Ca 2+ and a CO 3 2− in the metasomatic fluid (where a is activity), and breakdown of HREE-enriched calcite may have been the HREE source. Leaching in the presence of strong, LREE-selective ligands (Cl − ) may account for the depletion in late stage minerals in the LREE, but cannot account for subsequent preferential HREE addition. Fluid inclusion data indicate the presence of sulphate-rich brines during alteration, and hence sulphate complexation may have been important for preferential HREE transport. Alongside HREE-enriched magmatic sources, and enrichment during magmatic processes, late stage alteration with non-LREE-selective ligands may be critical in forming HREE-enriched carbonatites.
Introduction
The rare earth elements (REE) (here defined as the lanthanides plus Y), have long been a focus of research because of their utility as tracers for geochemical processes from magma source and differentiation, through to hydrothermal system evolution (e.g. Chakhmouradian, 2006; Haas et al., 1995; Henderson, 1984; Migdisov et al., 2009) . In recent years they have also become a focus of intense economic interest because of the restriction in supply caused by a focus of production in China, coupled with increasing use in renewable energy and high technology applications (Chakhmouradian and Wall, 2012) . Rare earth element resources are dominated by concentrations, either from magmatic or hydrothermal processes, associated with alkaline igneous rocks, notably carbonatites. A significant issue with primary resources is that carbonatite concentrations tend to be preferentially enriched in the light REE (La to Nd), which, with the exception of Nd, are less economically important than the heavy REE (Eu to Lu) (Chakhmouradian and Wall, 2012) . Middle to HREE enriched carbonatites do occur however, and are of great interest both because of their economic potential, and because of the need to understand the processes leading to this enrichment (e.g. Xu et al., 2007) . Hydrothermal processes have been shown to fractionate the REE via differential solubility during leaching of primary phases, controls on relative solubility exerted by the variation in the stability of aqueous complex ions with different ligands (Haas et al., 1995; Migdisov et al., 2009; Wood, 1990) , variation in the relative solubility of secondary phases, and all of these coupled with dynamic flow and reaction pathways (Williams-Jones et al., 2013) . In this study we have investigated the paragenetic and chemical evolution of rare earth minerals in the Huanglongpu carbonatites, Qinling Mountains, China ( Fig. 1 ; Xu et al., 2007 Xu et al., , 2010 Song et al., 2015) . These carbonatites are exceptional because of their association with economic molybdenite mineralisation, a relatively silica-rich geochemistry and hence an association with quartz, and a relative enrichment in the HREE compared to typical carbonatites (Kynicky et al., 2012) . The exceptional geochemistry of the dykes, and the preservation of a wide range of reaction textures, make this an ideal site to assess the role of postmagmatic processes in the genesis of HREE-enriched carbonatites globally. Heavy rare earth enrichment has been reported from a number of carbonatites, typically associated with late stage hydrothermal phenomena (e.g. Tundulu -Ngwenya, 1993; Songwe -Swinden and Hall, 2012; Bear Mountain -Moore et al., 2017; Lofdal -Bodeving et al., 2017) . Bulk rock analyses of the Huanglongpu carbonatites show that their REE patterns are transitional between more typical carbonatites and the HREE-enriched hydrothermal deposits (Fig. 2) . Thus the Huanglongpu district may provide an exceptionally well exposed site, suitable for characterisation of hydrothermal enrichment process, with wider implications for HREE-enrichment in carbonatites globally.
Geological setting
The Huanglongpu district is composed of four carbonatite-related orefields with a total ore reserve of N180 Kt of Mo. Almost all spatially (Kynicky et al., 2012) , typical carbonatites (Hornig-Kjarsgaard, 1998) , and carbonatites with reported high HREE contents (Bodeving et al., 2017; Moore et al., 2017; Ngwenya, 1993; Swinden and Hall, 2012 ) Data from Huanglongpu from Xu et al. (2010) , Kynicky et al. (2012) and Song et al. (2015) . Chondrite values from Sun and McDonough (1989) here and throughout. associated porphyry and porphyry-skarn Mo deposits in the Qinling belt formed in the Late Jurassic-Early Cretaceous, as indicated by molybdenite Re-Os dates ranging from 148 to 112 Ma (Huang et al., 1994; Mao et al., 2008) , whereas molybdenite from the Huanglongpu deposits is much older, yielding Re-Os ages from 209 to 221 Ma and monazite U-Pb and Th-Pb ages from 208.9 ± 4.6 Ma and 213.6 ± 4.0 Ma (Huang et al., 1994; Song et al., 2016; Stein et al., 1997) . Alkali granites and syenites have been identified in the area, but these are peraluminous, inferred to be derived from similar sources to the Mo-bearing granitoids (typically granodiorite) and have zircon U-Pb ages of 131 ± 1 Ma (Zhao et al., 2010) , and are therefore unrelated to the carbonatites and REE-mineralisation. All these data indicate that the mineralisation of the dykes is not a result of overprint by subsequent magmatism. The Huanglongpu deposits belong spatially and genetically to the Qinling orogenic belt which is subdivided into two main parts, North Qinling and South Qinling, separated by the Shangdan suture (Fig. 1) . The northern border of the North Qinling is marked by a relatively narrow, straight, steep north-dipping fault zone, the Machaoying fault zone, which is strongly temporally and spatially associated with the Cenozoic rift basin in the north. The southern border of the South Qinling is separated from the South China block by the Mianlue suture. The detailed geological framework and tectonic evolution of the Qinling region have been described by Xue et al. (1996) , Meng and Zhang (2000) , and Ratschbacher et al. (2003) , and also in the context of carbonatite evolution by Xu et al. (2010 Xu et al. ( , 2014 and Song et al. (2015) .
The ore bodies occur discontinuously over a total distance of 6 km and an area of 23 km 2 . The distribution of carbonatites is predominantly controlled by a northwest-striking, extensional fault zone. The Huanglongpu Mo deposits consist of separate mineralised bodies at Yuantou, Wengongling, Dashigou, Shijiawan I, II, Taoyuan and Erdaohe (Fig. 1b) . With the exception of Shijiawan I, which is hosted by granite porphyry, the rest of the deposits are associated with carbonatite dykes (Xu et al., 2007 (Xu et al., , 2010 . The samples studied here come from the Yuantao (YT) and Dashigou (HLP) deposits (Table 1) . The carbonatite dykes are highly parallel, predominantly dipping N to NNW, at steep angles (strike/dip~260/50-88°N) and consist of calcite, kutnahorite, quartz, potassium feldspar, barite, pyrite, galena, sphalerite, molybdenite, monazite, Ca-REE-fluorcarbonates, apatite, britholite, pyrochlore, uraninite, REE fluorides, burbankite, celestine, strontianite and brannerite. Minor fluorite is found at Shijiawan and Yuantao. The dykes range in thickness from~10 m to~0.1 m (Fig. 3A-C) with lateral extents ranging from 10 m to N1 km. Rarer dykes occur in orientations conjugate to the main set (strike/dip~350/50-80°E; Fig. 3D ). Minor offsets suggest this set may be slightly later than the main set, although the conjugate orientation and presence of conjugate veins merging with the main set ( Fig. 3E ) suggest they were very nearly contemporaneous. Where cross-cutting relationships can be clearly observed, barite-celestine bearing dykes and veins cut the earlier carbonate-quartz-sulphide bearing dykes (Fig. 3E) . Alteration envelopes consisting of biotite, epidote, pyrite and anhydrite are developed at the selvages of the dykes (Fig. 3B) . The carbonatite dykes are dominated by calcite and other carbonates along dyke margins, with central infills of quartz. Quartz is dominantly restricted to cores of dykes and may be mainly hydrothermal in origin (Fig. 3B ), although some dykes are composite and the result of repeated opening events (Fig. 3C ). This suggests the primary dykes may have been calico-carbonatite in composition although the bulk dyke composition is silico-carbonatite. In the carbonatites, molybdenite occurs mainly as disseminated grains and intergranular and fracture-hosted films (Fig. 3F ), sometimes associated with pyrite, galena and sphalerite suggesting a subsolidus, hydrothermal origin for at least some of the sulphide assemblage. Disseminated molybdenite is also found along fractures in fenitized gneiss near its contact with the dykes. 
Methods

Scanning electron microscopy
Scanning electron microscopic (SEM) observation of samples was carried out at Mendel University, Brno, Czech Republic, and the University of Brighton, UK. In Brno a FEG-SEM TESCAN MIRA 3 XMU was used. X-ray spectra were collected using either a Bruker Quantax 800 or Oxford Instruments XMax 80 EDX spectrometer using an accelerating voltage of 25 kV and a beam current of 5 nA. At Brighton a Zeiss EVO LS 15 SEM equipped with an Oxford Instruments XMax 80 EDX spectrometer was used, at 20 kV accelerating voltage and 1.2 nA beam current.
Electron microprobe
The major-element compositions of selected major and accessory mineral phases from the Huanglongpu carbonatites were measured by wavelength-dispersive X-ray spectrometry (WDS) using Cameca SX100 electron microprobes at the Joint Electron Microscopy and Microanalysis Laboratory, Institute of Geological Sciences, Masaryk University and Czech Geological Survey, and the Natural History Museum (NHM), London. At Masaryk University the instrument was operated at a beam current of 10 nA and an accelerating voltage of 15 kV, and at the NHM at 20 nA and 20 kV. Where possible the beam was defocused to a spot size of 5-10 μm to minimize beam-induced damage and thermal decomposition of fluorcarbonate phases. The standards and emission lines used are summarised in E-Appendix 1, alongside typical detection limits for fluorcarbonate phases. The data were reduced and corrected using the PAP routine (Pouchou and Pichoir, 1984) . Inter-element peak interferences, particularly for the REE, were corrected for by analysis of the pure standards following methods outlined by Williams (1996) .
La-ICPMS
Trace-element analysis of selected carbonates, oxides and phosphates by laser-ablation inductively-coupled-plasma mass-spectrometry (LA-ICP-MS) was performed at the Laboratory of Atomic Spectrochemistry, Masaryk University, and the NHM, London using New-Wave UP-213 Frequency 348 quintupled Nd:YAG laser systems operated at a wavelength of 213 nm and pulse duration of 4.2 ns. At Masaryk an Agilent 7500ce spectrometer was used, and at the NHM an ICP-MS 349 -ThermoElemental PlasmaQuad III. Helium was used as a carrier gas with a flow rate of 1 l/min. The samples were analysed using a spot diameter of 25 or 30 μm, dwell time of 60 s, repetition rate of 10 Hz and fluence of 5 J/cm 2 . The calcium content determined by WDS was used as an internal standard for all carbonates and phosphates, and external calibration was performed using glass standards NIST 610 and 612. For low Ca or Ca-free phases the internal standard used was Ce. Columbia River Basalt glass BCR2G was analysed as a quality check. Within run reproducibility of NIST612 analyses was typically within 1% of the published values, and of BCR2 within 5% of published values.
Results
Mineralogical evolution of the Huanglongpu system
The paragenetic evolution of the Huanglongpu system is summarised in Fig. 4 and the REE mineral assemblage is illustrated in Figs. 5 and 6. Early REE mineral crystallisation is characterised by the occurrence of sub-to euhedral monazite-(Ce), parisite-(Ce), bastnäsite-(Ce) and REE-bearing apatite (Fig. 5A, B) . The REE are also hosted in zircon and xenotime (Fig. 5C, D) . Xenotime is developed both as individual grains (Fig. 5D ) and hosted in fractures in zircon (Fig. 5C ). The patchy zonation of xenotime (Fig. 5D ) suggests it may have been subject to alteration and dissolution-reprecipitation processes. Xenotime was not studied in detail here as it does not constitute a major contributor to the HREE budget. Potentially primary parisite-(Ce) (indicated by the lack of alteration to other Ca-REE fluorcarbonates) occurs within the carbonate-dominant zone of the dykes (Fig. 5E ) in association with sulphides. Early magmatic crystallisation also included the formation of Nb minerals, dominated by Table 2 Representative bulk rock analyses of Huanglongpu carbonatites. Data from Xu et al. (2010) , Kynicky et al. (2012) and Song et al. (2015) . LREE -La to Sm; HREE -Eu to Lu + Y. aeschynite-(Ce), but also including pyrochlore (Fig. 5F ). Early stage magmatic crystallisation is also inferred to have included the formation of primary Na-Ba-Sr-REE carbonates of the burbankite group. Potential burbankite pseudomorphs are preserved as coarse grained, hexagonal pods (up to 2 cm in diameter) in-filled by barite, or a solid solution of barite-celestine, strontianite and ancylite (Fig. 5G ). Burbankite has not been directly observed, but this texture and assemblage is typical of burbankite replacement (Zaitsev et al., 1998 (Zaitsev et al., , 2002 . The subsequent development of the REE mineral paragenesis is recorded by reaction textures in phosphates and silicates, the colloform banded infill of niobate pseudomorphs, and the development of synto epitaxial alteration and overgrowth in the fluorcarbonates. The fluorcarbonate assemblage appears to be related to the formation of sulphides (notably galena and molybdenite; Fig. 5H ). The earliest of these textures involves the partial replacement and overgrowth of monazite-(Ce) by REE-enriched apatite (Fig. 6A ). The apatite is zoned, with more REE-depleted areas developed towards the outer rim of the coronae. The apatite is replaced in some instances by an outer layer of britholite-(Ce), sometimes giving multi-layered structures (Fig. 6B) . Britholite-(Ce) is sometimes at the contact with quartz within the dyke cores. These outer layers are frequently associated with molybdenite. Potentially synchronous with the development of britholite-(Ce) is the formation of allanite-(Ce), which in some instances overgrows apatite. In at least one case this is associated with the development of later stage parisite-(Ce) (Fig. 6C) , and Ca-REE-fluorcarbonates may overgrow all the preceding phases (e.g. Fig. 6D ). The syntaxial intergrowth and epitaxial overgrowth patterns of the Ca-REE-fluorcarbonates allow a sequence of their formation to be determined, with early parisite-(Ce), sometimes intergrown with, and sometimes overgrown and partly replaced by, bastnäsite-(Ce). Parisite-(Ce) also occurs intergrown and overgrown by synchysite-(Ce), and ultimately all are overgrown and partially replaced by röntgenite-(Ce) (Fig. 6E) . Synchysite-(Ce) and röntgenite-(Ce) are always enriched in Y relative to bastnäsite-(Ce) and parisite-(Ce), and in rare examples occur as the Y-dominant phase (synchysite-(Y)). Textures involving fluorcarbonate overgrowth are typically developed within calcite. The textural evolution of the niobium mineral paragenesis parallels that of the REE minerals. Euhedral pseudomorphs are commonly associated with monazite (Fig. 6F) . The initial Nb phase seems to have been aeschynite-(Ce), on the basis of well crystalline, subhedral relicts within larger pseudomorphs (Fig. 6F) . These early Nb-phases formed either synchronously with monazite, or pre-monazite crystallisation as indicated by the overgrowth of pseudomorphous aggregates of Nbminerals by monazite-(Ce). Aeschynite-(Ce) is subsequently partially replaced by uranopyrochlore, and then both are replaced and overgrown by pyrochlore. The replacement of the primary aeschynite-(Ce) is accompanied by the development of uraninite inclusions (Fig. 6F) .
REE geochemistry
The full results of LA-ICPMS and EPMA are available in Electronic Appendices 2 and 3. The results of LA-ICPMS and EPMA analyses are generally in good agreement for the LREE. Agreement is less good for the M-HREE and low levels of U and Th where concentrations approach the detection limit for EPMA for the conditions used. In these cases the LA-ICPMS data are the most accurate values. The values are compared in E-Appendix 3. Variation between EPMA and LA-ICPMS for corresponding points is a function of the relative volume analysed in each case, and the absolute precision of each technique. Low analytical totals for the fluorcarbonate minerals and niobate minerals occur in the EPMA data. In the case of the fluorcarbonates this is because a narrow beam diameter was used in order to analyse the fine intergrowth in some reaction textures, resulting in beam damage during analysis. In the case of the niobates low analytical totals are typical for EPMA analyses of pyrochlore and aeschynite because of their susceptibility to hydration and metamictisation Ewing, 1992, 1995) .
The whole rock geochemistry of the Huanglongpu carbonatites is depleted in the LREE and enriched in the HREE compared to most carbonatite occurrences (Xu et al., 2010; Kynicky et al., 2012; Song et al., 2015;  Table 2 ; Fig. 2 ). This is also reflected in the trace element chemistry of calcite (Table 3) , which in the majority of the dykes shows relatively flat REE patterns, but may vary from LREE-enriched with flat HREE segments to strongly HREE-enriched (Fig. 7) . This variation reflects variation in calcite generations, as HREE enriched patterns occur in calcite adjacent to the late stage Ca-REE fluorcarbonates. The REE patterns of REE-minerals and apatite show dramatic changes with evolution of the mineral paragenesis ( Fig. 8; Tables 4-6 ). Both monazite-(Ce) ( Table 4 ) and primary bastnäsite-(Ce) and parisite-(Ce) ( Table 5) show strongly LREE-enriched patterns with very minor negative anomalies at Eu relative to Sm and Gd, and Y relative to Dy and Ho (Fig. 8A, B ). Primary apatite (Table 4) shows relatively flat to upwards convex patterns with variably negative or positive Eu anomalies. In contrast secondary apatite in coronas around monazite is LREEenriched, with flat HREE patterns from Dy to Lu and a consistently negative Eu anomaly (Fig. 8C) . Similar patterns, albeit at higher absolute concentration, are observed in britholite and allanite ( Fig. 8D, E ; Table 6 ). Secondary REE-fluorcarbonate minerals either show patterns comparable to primary bastnäsite-(Ce) and parisite-(Ce), or show very strong HREE-enrichment, most notably in synchysite-(Y) replacing earlier phases, and in röntgenite ( Fig. 8F ; Table 5 ).
For economic considerations it is also important to quantify the behaviour of U and Th in the REE phases and during the development of the paragenesis. This is important as enrichment of the HREE may be characteristically accompanied by enrichment in U, and particularly in Th (e.g. Lofdal, Namibia; Wall et al., 2008; and Tundulu, Malawi; Broom-Fendley et al., 2016) . For this reason chondrite normalised In allanite ΣREE is consistently close to 1 a.p.f.u. (atoms per formula unit), but variation of the Fe:Al ratio indicates development of a ferriallanite substitution, and Fe 3+ dominant within the allanite structure.
In some instance more Mn-rich allanites are developed (Table 6) . Formulae calculations (E-Appendix 2) suggest there is an excess of F over stoichiometric amounts in some apatite analyses. This is accompanied by a deficiency in P, suggesting a francolite (carbonate apatite) component, although there may be issues with F mobility under the electron beam. Theoretical carbonate contents based on the P deficiency are calculated in E-Appendix 2, but are only indicative concentrations as they assume a full phosphate site occupancy. The niobates within the Huanglongpu district are consistently Nb-rich with minimal Ta content ( Fig. 9A, B ; Table 7 ). Compositions show a continuous transition between aeschynite-(Ce) and pyrochlore, with limited development of an A-site vacancy (Fig. 9C) . Primary aeschynite-(Ce) has relatively low U contents, whilst pyrochlore shows a continuous variation in U content (Fig. 9D) . In terms of REE pattern aeschynite-(Ce) is consistently LREE enriched, and the REE patterns is comparable to monazite-(Ce) and bastnäsite-(Ce) (Fig. 10A) . The very fine nature of the banding in the replacement products of aeschynite-(Ce) restricted the applicability of LA-ICPMS, hence the analyses completed are dominantly by electron microprobe. The occurrence of a limited number of coarse uranopyrochlore grains allowed some analyses (Fig. 10B) . These show that alteration of uranopyrochlore to pyrochlore resulted in a relative enrichment in the HREE. The transition from aeschynite-(Ce) to uranopyrochlore shows a slope of~0.5 on a plot of (Fig. 10C ).
Discussion
The evolution of the Huanglongpu REE mineralisation
The mineralogical evolution of the Huanglongpu REE system reflects that of the host carbonatite. The primary REE mineralogy consists of monazite and bastnäsite, with phases with no essential REE contributing to the HREE budget (apatite and zircon). A major contribution to the primary REE budget may have come from the presence of burbankite, now pseudomorphed by ancylite and barite. Early Nb mineralisation appears to have been dominated by aeschynite, followed by replacement by uranopyrochlore and finally pyrochlore. The formation of a REE-rich A-B oxide at this stage relates to similar melt compositions to those during monazite deposition. The saturation of carbonatite melts in monazite and basnästite is typically related to passive enrichment on fractional crystallisation (Le Bas, 1987; Mitchell, 2005) which is a likely factor in this case (Xu et al., 2007) . Aeschynite-(Ce) saturation in melts has not been specifically addressed in the literature, but the formation of Nb-minerals in general has been related to saturation following crystal fractionation, magma mixing, and redistribution of Nb-minerals by density currents (Mitchell, 2015) . The reduction in niobate REE content through the paragenesis mirrors the reduction seen in phosphates and may reflect a similar process of fractional crystallisation and potentially REE-loss to a fluid phase.
The further development of the REE paragenesis features the overgrowth of monazite by REE-bearing apatite. Assuming a fixed phosphate framework (an assumption supported by the overall mineralogical change and data on phosphate mineral solubility -Tropper et al., 2011) this implies an increase in a Ca 2+ and a HF in the surrounding fluids (where a is activity), and a decrease in a REE 3+. That this shift resulted in a decrease in a REE 3+ probably reflects decline in melt REE content with early crystallisation of monazite and REE-rich niobates. The a HF never reached the point of widespread fluorite saturation, and may have been buffered to low levels by the formation of fluorapatite. The subsequent paragenetic stage is the formation of britholite-(Ce), and by inference allanite-(Ce), reflecting increasing a SiO 2 in the mineralising fluid. This is most clearly marked in the overall paragenetic evolution of the system by the formation of the quartz-rich cores to the dykes (Kynicky et al., 2012; Song et al., 2015; Xu et al., 2010) . This stage can be unequivocally related to the initiation of hydrothermal conditions as fluid inclusion studies (Cangelosi, 2016; Song et al., 2015) indicate the presence of primary, sulphate-rich brines. Early aqueous-carbonic fluid inclusions with sulphate daughter minerals contain nearly pure CO 2 , and have salinities in the aqueous phase determined from clathrate melting of 5-19 wt% NaCl equivalent (Wt% NaCl eq.). These inclusion decrepitate on heating, and so homogenisation temperatures cannot be determined. However, they occur in assemblages with liquid CO 2 inclusions, suggesting aqueous-carbonic fluid immiscibility during trapping (Cangelosi, 2016) . In a 20 wt% salt fluid, below 100 MPa XCO 2 in the water-rich fluid during immiscibility is negligible, and below 50 MPa in a 5 wt% salt fluid. For both salinities there should be significant water in the CO 2 -rich fluid above 200-300°C (Bowers and Helgeson, 1983) . This suggests that these inclusions were trapped between 300 and 200°C and 100-50 MPa. Fluid inclusions in fracture-fill quartz and calcite are typically 2 phase aqueous liquid plus vapour inclusions. These homogenise between 265 and 120°C, and have salinities from 6 to 15 wt% NaCl eq. Thus hydrothermal quartz deposition and the alteration of REE minerals took place from 300 to 120°C, at pressures below 100 MPa, from saline brines that evolved from aqueous-carbonic compositions to aqueous-dominated compositions.
The final stage in the REE mineral evolution is the formation of Ca-REE fluorcarbonates overgrowing all REE-phases and replacing bastnäsite. This reflects increasing a Ca 2+ and a CO 3 2− in the hydrothermal fluid, and has been linked to decreasing T in many systems (Smith et al., 2000; Williams-Jones and Wood, 1992) . However, Gysi and WilliamsJones (2015) have demonstrated that the compositional field of bastnäsite stability increases with cooling at constant a Ca 2+ in the system REE 2 O 3 -CaF 2 -CaCO 3 , so a change in fluid chemistry is necessary for the replacement reactions to develop (Fig. 11) . This is most likely achieved as the fluid cools, with the resulting dissociation of acid species (e.g. HCl, H 2 SO 4 ) and a corresponding drop in pH resulting in calcite dissolution.
Element mobility during sub-solidus metasomatism
At each alteration stage identified above there is a marked change in REE pattern. Fig. 12 shows the composition of alteration phases normalised to the precursor phase, modified by factors to allow for likely reaction stoichiometry assuming a fixed framework of either phosphate, carbonate or oxide. The early alteration of monazite to apatite can be represented by Eq. (1):
Consideration of both reaction stoichiometry and the mineral chemistry indicates that the REE must have been significantly mobilised during this phase of alteration, and Fig. 12A indicates the leaching of the L-MREE (La-Ho), but addition of the lower abundance HREE (Er to Lu). Yttrium behaves anomalously, being enriched relative to Dy and Ho (Fig. 12A) . Further alteration is visible on the rims of apatite coronas around monazite, and again indicates selective leaching of the LREE and immobility or passive enrichment of the HREE (Fig. 12B) .
It is likely that the alteration of early aeschynite to uranopyrochlore and ultimately pyrochlore (Eqs. (2)- (3)) plus uraninite also occurred at this stage, as it also marks progressive depletion of a primary phase in the REE. It also implies an increase in fluid F-activities, as for alteration of monazite to apatite. Throughout this process alteration primarily affects the more mobile A-site cations (Ecrit, 2005; Lumpkin and Ewing, 1992 , 1996 , leaving a relatively unaltered B-site oxide framework. As with monazite alteration, REE leaching is restricted to the LREE (La-Eu), with relative immobility of the HREE (Fig. 12C ).
Uranopyrochlore Pyrochlore
In both these cases the initial metasomatism is likely to be at the late magmatic stage. Fluorite is not common in the paragenesis, as would be expected for the interaction of an aqueous F-rich fluid with pre-existing calcite, which would also buffer F-species activities to low levels in any hydrothermal fluid. The alteration of uranopyrochlore to pyrochlore plus uraninite is likely to reflect hydrothermal alteration, however, with the relative immobility of U reflecting low fO 2 as implied by the sulphide mineral paragenesis (Fig. 12D) .
The alteration of apatite to britholite requires mobile framework ions (Eq. (4)). Phosphate mobility from apatite via alteration to britholite requires low pH, and high SiO 4 4− activities.
This is indicative of a shift to full hydrothermal conditions, and accompanies the formation of quartz cores to dykes. The product to precursor normalised REE patterns of britholite-(Ce) vary (Fig. 12E) , typically indicating either no fractionation of the REE during alteration of apatite, or preferential addition of the HREE. The assumption of a fixed crystallographic framework with substitution of SiO 4 4− for PO 4 3− implies no significant volume change on replacement. The actual mechanism of apatite replacement is likely to involve some component of dissolutionreprecipitation, which would generate some microporosity (Putnis, 2002) evident in apatite, but the factor of 10-20 increase in REE would require a much more significant volume reduction without a metasomatic REE flux. This is also supported by the formation of neoformed allanite around apatite, with comparable REE patterns to britholite. The textural evidence therefore favours metasomatic addition of the REE. The textural record of the fluorcarbonate mineralisation indicates initially relatively uniform bastnäsite and more abundant parisite, inferred to represent magmatic phases, followed by the progressive development of syntaxial intergrowth with synchysite and finally overgrowth by synchysite and röntgenite. Calcium-REE fluorcarbonates also overgrow monazite and allanite, suggesting some corrosion and REE mobility from these phases during the hydrothermal alteration stage. Because of the likely low F activity in any hydrothermal phase (Williams-Jones et al., 2012) , the initial development of fluorcarbonates from earlier phases may relate to reaction with late magmatic fluids. However, subsequent alteration reactions can take place without significant addition of F. Although reactions constructed on this basis imply minimal REE mobility (Eqs. (5)- (8)), precursor normalised REE patterns again imply significant leaching of the LREE and addition of the HREE (Fig. 12F) .
Monazite Parisite
Basna ·· site Parisite
Equations for the replacement of monazite and allanite by parisite cannot be developed on the basis of an immobile crystallographic framework. However, consideration of the mineral analyses again suggests relative losses in LREE and gains in HREE from reactants to products.
Uranium and thorium have been compared as products vs precursors in Fig. 12 because both these elements may be concentrated in REE phases, and are a significant issue in the assessment of an REE resource. Thorium is typically immobile in all the reactions examined here, consistent with its low solubility in aqueous fluids (Bailey and Ragnarsdottir, 1994) . Uranium shows variable behaviour throughout the alteration sequence. In the progressive alteration of aeschynite to pyrochlore U is relative immobile until the alteration of uranopyrochlore to pyrochlore, at which point it is still potentially conserved at the 10 s of micron scale, nucleating as uraninite in altered areas as small (1-50 μm) inclusions in pyrochlore. These inclusions are associated with microporosity, consistent with a dissolution-reprecipitation mechanism for niobate alteration. During the main alteration sequence the most notable change in U is in the overgrowth and replacement of the fluorcarbonates. The association of the hydrothermal stage with the formation of barite and celestine, and the presence of sulphate-rich brines within fluid inclusions, suggests that the later hydrothermal fluids where relatively oxidising, consistent with the mobilisation of U as uranyl complexes (Ragnarsdottir and Charlet, 2000) .
Origins of HREE enrichment at Huanglongpu
The overall HREE enrichment of the Huanglongpu carbonatites has been previously related to a recycled ocean crust component in the lithospheric mantle indicated by Nd-Sr radioisotope studies and Mg stable isotope analyses of calcite (Table 8 ; Xu et al., 2010 Xu et al., , 2011 Song et al., 2016) , accounting for the district scale enrichment in Mo, accompanied by small degrees of melting from a garnet-poor source (Xu et al., 2007) . This primary source control has been proposed to be enhanced by fractional crystallisation of calcite, with the dykes at the current level of exposure representing relatively HREE-enriched carbonate left as residuum on the walls of flowing carbonatite dykes from an initially more LREE-enriched melt (Xu et al., 2007) . Both stable (O, C and S: Huang et al., 1984; Xu et al., 2010; Song et al., 2015) and radioisotope data (Xu et al., 2007 (Xu et al., , 2011 , indicate that components within mineralisation originate with a primary carbonatite magma with only minor input from external fluids. The shift from carbonate dominated crystallisation to quartz and then sulphides and sulphates records the magmatic to hydrothermal transition, with variation in redox conditions during the hydrothermal stage (Huang et al., 1984) , driven by either mixing with a minor external fluid component, interaction with relatively oxidised wall rocks, or phase separation. The chemical development of the mineral paragenesis during this process clearly contributed to the HREE enrichment of the final dyke rocks.
The trends developed in the REE patterns at Huanglongpu can be explained by consideration of experimental data on solubility of REE minerals and aqueous complex stability for REE species. Solubility products for fluorides and phosphates are higher for Y and HREE than for LREE (Migdisov et al., 2009; Tropper et al., 2011; Fig. 13A) . The preferentially solubility of the HREE end-members in low ligand strength fluids cannot therefore result in passive enrichment in the HREE. However, ligand concentrations can significantly modify this behaviour. Experimental data at 1GPa and 800°C) have shown Ce-monazite becomes more soluble than Y-xenotime at high X NaCl and low X NaF (where X is mole fraction; Tropper et al., 2011 Tropper et al., , 2012 . Determinations of LnCl 2+ aqueous complex ion stability constants (Logβ 1 ) show that chloride preferentially forms complex ions with the LREE, and hence would promote LREE-mineral solubility at high concentrations (Fig. 13B) . Low solubility constants for fluocerite and fluorcarbonate minerals (Williams-Jones et al., 2012) mean high F activities are unlikely to have a major role. A process of preferential LREE mineral solubility enhanced by chloride complex formation is likely to have resulted in the LREE depletion of monazite on the formation of apatite, the subsequent depletion of apatite rims, and the progressive leaching of the REE during alteration from aeschynite to pyrochlore. It cannot, however, account for the significant addition of the HREE inferred in the alteration of apatite to britholite, and the alteration of parisite and bastnäsite to synchysite and röntgentite. Late enrichment in the HREE is observable in calcite, and indicates that the Huanglongpu system evolved to HREE-rich conditions, presumably because of higher initial HREE contents in the original magma (Xu et al., 2007) . For hydrothermal fluids at this later stage to have developed high HREE contents requires either direct reaction with HREErich calcite, or a mechanism allowing fluids to either partition HREE preferentially from late stage melts. Very few commonly occurring ligands are HREE-selective, although the contrast in formation constants between the LREE and HREE declines at lower T. However, theoretical extrapolation of stability constants from low T data (Haas et al., 1995; Wood, 1990) and experimental data (Migdisov and Williams-Jones, 2008 ) all indicate SO 4 2− is a possible ligand with minimal difference in stability between LREE and HREE (Fig. 13B) . Carbonate is also a potentially less LREE selective ligand at hydrothermal temperatures (Haas et al., 1995) . Fluid inclusion data from quartz cores to the carbonatite dykes (Cangelosi, 2016; Song et al., 2016) indicate hydrothermal fluids in the Huanglongpu district were saturated with respect to sulphate minerals, and arcanite (K 2 SO 4 ), anhydrite (CaSO 4 ), glauberite (Na 2 Ca(SO 4 ) 2 ), and gorgeyite (K 2 Ca 5 (SO 4 ) 6 ·H 2 O) have all been identified as either daughter or heterogeneously trapped phases in fluid inclusions (Cangelosi, 2016 
Wider implications
Sulphate is a component in many carbonatite melts (e.g. Doroshkevich et al., 2010; Xie et al., 2015) , and sulphate melt generated by immiscibility in the late stages of magmatic crystallisation has been identified in numerous melt inclusion studies (e.g. Andreeva et al., 1998; Panina, 2005; Panina and Motorina, 2008; Panina and Stoppa, 2009 ). Equally, sulphate-rich fluids within carbonatite-related hydrothermal systems are widespread, with barite and celestine as common accessories in carbonatite systems (e.g. Nikiforov et al., 2014; Trofanenko et al., 2016; Xie et al., 2015) . The key factor for the genesis of sulphide-or sulphate-bearing carbonatite systems is the redox state of the melt or fluid. In the magmatic stage oxidised carbonatite melts have been proposed to be generated by oxidised mantle source regions (Foley, 2011) and magma mingling (Moore et al., 2009) , whilst in hydrothermal systems the redox state of the fluid is controlled by interaction with the host-rocks, mineral deposition and phase separation (Robb, 2005) . There is widespread evidence for sulphate complexation of the REE from mesothermal to epithermal systems (e.g. Inguaggiato et al., 2015; Lewis et al., 1998) . The inference that sulphate-rich brines are responsible for the late HREE-enrichment of the REE mineral assemblage means that REE-rich carbonatites with strong evidence for sulphate-bearing magmas and late stage sulphate alteration may be prospective targets for relative HREE-enrichment, although initial HREE-enrichment in the mantle source is still a necessity for significant HREE mineralisation. Previous research and mineral exploration has identified HREE-enriched zones in a number of potentially economically mineralised carbonatites, reviewed briefly in the introduction. In most of these HREE-enrichment is related to sub-solidus hydrothermal processes associated with barite and celestine deposition (Broom-Fendley et al., 2017; Moore et al., 2017; Ngwenya, 1993) . At Lofdal the main HREE enrichment was inferred to be hydrothermal, associated with carbonate matrices to breccias (Bodeving et al., 2017) with less evidence for high sulphare activities. Thus carbonatite HREE-mineralisation is very commonly hydrothermal in origin, and frequently associated with sulphaterich fluids. Both SO 4 2− and CO 3 2-are potentially less LREE-selective ligands which may contribute to HREE leaching and transport during secondary processes, and may be effectiviely destabilised by processes such as boiling, aqueous-carbonic immiscibility and water-rock interaction, whilst Cl − acts to retain LREE in the fluid. Although the HREE-enrichment at Huanglongpu is a function of both magma source regions and hydrothermal enrichment, the processes identified here clearly have the potential to operate in many carbonatite-related hydrothermal systems.
Conclusions
The carbonatites of the Huanglongpu district, Qinling mountains, China, are REE-mineralised, and HREE-enriched compared to typical carbonatites and carbonatite-related REE deposits. The dykes and veins evolved from early calcite dominated crystallisation to multiple stages of late magmatic and hydrothermal activity generating multiple generations of carbonate, K-feldspar and quartz-rich cores to the dykes. Textural and geochemical data show that the REE and niobate mineral assemblage evolved via fractional crystallisation from an early magmatic stage dominated by monazite-(Ce), parisite-(Ce) and aeschynite-(Ce), to more REE depleted conditions resulting in the overgrowth and replacement of monazite by apatite, and the alteration of aeschynite to uranopyrochlore. Subsequent alteration reactions record the shift to silica-rich hydrothermal conditions at temperatures from 300 to 200°C, 0.5-1 kbar, and involving aqueous-carbonic brines, resulting in the alteration of apatite to britholite-(Ce) and the crystallisation of allanite-(Ce). Cooling of the hydrothermal system to N265°C moved REE mineralisation to fluorcarbonate mineral dominated, and reaction with host carbonatite resulted in raised a Ca 2+ and a CO 3 2−, causing alteration of early fluorcarbonates to synchysite and röntgenite. At every stage of alteration hydrothermal fluids leached the LREE relative to the HREE. Solubility products for LREE minerals are typically lower than for HREE except in the presence of strong ligands, in this case probably Cl . For some replacement reactions the increase in the HREE concentration cannot be accounted for by passive enrichment without significant volume loss, and so there must have been a metasomatic flux of the HREE. The host calcite is the most likely source of HREE as the overall carbonatite system is anomalously HREE-enriched compared to typical systems. The sulphate-rich nature (Migdisov et al., 2009 ) and Ln-SO 4 (Migdisov and Williams-Jones, 2008) aqueous complexes from 100 to 250°C and 10 MPa. First association constants for REE-SO 4 complexes calculated from the data of Haas et al. (1995) of metasomatic brines provides a mechanism via which this may occur, as sulphate complexes show no major difference between LREE and HREE complex ion stability. There is no evidence for a major role for fluoride in this process, except as a depositional ligand in the precipitation of fluorcarbonate minerals. Globally sulphate-rich carbonatites may therefore offer significant potential for more HREE enriched carbonatite-related resources.
Supplementary data to this article can be found online at https://doi. org/10.1016/j.lithos.2018.02.027.
